Analysis of human thymocytes with monoclonal antibodies belonging to five distinct clusters of differentiation (CD1, CD3-CD5, CD8) revealed a high degree of phenotypic heterogeneity. Six subpopulations could be defined in the thymic compartment characterized by the presence of CD1 antigens (cortical type); four subpopulations could be defined in the compartment characterized by the lack of CD1 but by the presence of CD5 antigens (medullary type); two subpopulations could be defined in the compartment characterized by the lack of both CD1 and CD5 antigens. Thymic samples could be categorized as either high responder or low responder to phytohemagglutinin alone. The defect of low responders was, to a large extent, attributable to a lack of interleukin 2 availability in the medullary type compartment. Yet, cortical-type subpopulations, both from high and low responders, were able to respond to phytohemagglutinin alone to the same extent. Undesirable cell contamination was excluded by limiting dilution analysis. Moreover, cortical-type cells were found to be able to respond to concanavalin A alone, while medullary-type cells and total populations did not respond to concanavalin A alone. Thus, the human thymus includes a number of cell subpopulations involved in complex functional interactions.
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Thymic cells can be distinguished, according to their localization on tissue sections, into cortical and medullary cells. Following a classical viewpoint, cortical cells are functionally immature and acquire functional capacities only while migrating into the medulla (1) . This classical contradistinction of functionally immature corticothymocytes to functionally mature medullary thymocytes is actually a matter of dispute (2) . Over the past few years, numerous investigations conducted in mice led to contradictory results. Cortical cells were shown to be functional when interleukin 2 (IL-2) was added (3) (4) (5) . However, in most of these experiments, the technique used to sort out cortical from medullary cells was based on agglutination with the lectin peanut hemagglutinin (PNA), and recent experimental evidence shows that late proliferative response of PNA+ cortical cells might have been due to the few residual PNA-cells (6) . Recent work on mice, using a more precise phenotypic definition of thymocyte subpopulations, provided evidence that some functional capabilities, even in the presence of exogenous IL-2, are restricted to subpopulations displaying a phenotype characteristic of medullary mature thymic cells (7) .
In humans, the question of the functional capacities of thymocytes is far less documented. However, the recent definition of numerous T-cell surface molecules, by using monoclonal antibodies (mAb) belonging to five clusters of differentiation (CD1, CD3-CD5, CD8), permits the phenotypic characterization of thymocytes. Thus, three major compartments of thymocytes could be phenotypically defined, with a clear correspondence with their anatomical localization (8, 9) . Cortical cells are characterized by the presence of CD1 molecules and the coexpression of CD4 and CD8 molecules. Medullary cells lack CD1 molecules but are characterized by their high densities of both CD3 and CD5 molecules, and they display either CD4 or CD8 molecules. Yet, it is already clear that thymic cells display a high degree of phenotypic heterogeneity (10, 11) . For instance, it was recently shown that the human thymus cortex included a population with functional capacities that is strongly labeled by PNA and displays high densities of CD5 molecules (11) . The present work emphasizes the phenotypic heterogeneity of human thymocytes, and it shows that the functional activities of thymocyte populations cannot be regarded solely in view of the classical scheme but might result from complex interactions between thymocyte subpopulations.
MATERIALS AND METHODS
Thymus-Cell Preparations. Fresh thymus cells were obtained from patients, ranging from 2 months to 10 yr old, during cardiac surgery. Cells were frozen as described (12) . mAb Used. The nomenclature follows the recommendations made by the IUIS-WHO nomenclature subcommittee (29) made after the First International Workshop on Human Leucocyte Differentiation Antigens (13) . Reagents from the following clusters of differentiation were used. CD1 (Thy, gp45,12) D47 was obtained in our laboratory (14) ; CD3 (T, gpl9-29) UCHT1 was provided by P. Beverley (15) ; CD4 (T, gp56) T4 and CD8 (T, gp32-33) T8 were provided by E. Reinherz (16); and CD5 (T, gp67) A50 was obtained in our laboratory (17) . All of these mAbs were investigated in the common studies of the workshop (13 (20) .
RESULTS
The Phenotypic Heterogeneity of Human Thymocytes. Two types of experiments were carried out: in one set of experiments, dispersed thymocytes were killed with a first mAb and complement, and relabeled with other mAbs; in another set of experiments, dispersed thymocytes were allowed to cap with a first mAb and were relabeled with a second one. The results are summarized in Table 1 , and it can be seen that both types of experiments gave virtually the same results. Four major populations could be defined based on CD1 antibodies, which have been previously shown to stain only the cortical area of the thymus (13), and CD5 antibodies, which stain with a greater intensity the medullary region of the thymus (13) The data presented in this table summarize the results of two series of experiments. In the first series, thymocytes were killed with a mAb and complement, relabeled with a mAb plus a fluoresceinated reagent, and counted by flow microfluorimetry. In a second series of experiments (21) , thymocytes were allowed to cap; next they were labeled with a second mAb and a rhodamine-conjugated goat anti-mouse immunoglobulin. For Fig. 2 . Thymocytes deprived of CD5 carrying cells (cortical-type CD5-thymocytes) gave a significant response to PHA, not increased by addition of IL-2 and with little difference between high-responder and low-responder thymocytes (Fig. 2  C and D) . By contrast, CD1-cells from high-responder thymi gave a high response to PHA alone, while CD1-cells from low-responder thymi gave a low response (Fig. 2 A and  B) . The addition of IL-2 to CD1-high-responder cells did not further increase their response to PHA (Fig. 2B) , while it made the CD1-low-responder cells able to respond at the same level as high-responder cells (Fig. 2A) . Finally, it can be seen that remixing CD1-and CD5-thymocyte subpopulations from both high-responder and low-responder thymi, gave the expected results ( Fig. 2 G and H Fig. 1B , few thymic samples gave a significant response to Con A without addition of IL-2. These thymi, which produced a consistent response to Con A alone, were among the high responders to PHA. As already known (23) , the addition of IL-2 elicited a good response to Con A but contrary to PHA, the enhancing effect of IL-2 to Con A response was observed in all instances, regardless of whether the thymic sample was a high responder or not. Surprisingly, after sorting CD5-or CD1-populations, the pattern of response to Con A showed striking modifications. As shown in Table 2 , CDS-(cortical-type) cells could develop a high response, and this appeared over a large range of cell concentration and even in cells that came from low-responder thymi. By contrast, CD1-cells (medullary-type) did not proliferate to Con without the addition of IL-2. Noteworthy, on addition of Ihfge amounts of IL-2, as shown in Fig. 4 , the level of reg 6nse of whole thymic CD5-and CD1-populations were about the same magnitude from both high-responder (Fig. 4B ) and low-responder (Fig.  4A ) thymic samples. The responses of CD5-cells to Con A in both a high responder and a low responder, which was abolished after further treatment by CD3 antibodies (results not shown), led us to conclude that the response did reflect the original functional capacity of this CD5-CD3' cell population.
DISCUSSION
In the present study, we analyzed human thymic cell suspensions by crisscross double labeling with five mAbs belonging to five distinct clusters of differentiation peculiar to the Tcell series. The results we obtained were quite similar, either by using complement-dependent lysis followed by labeling the cells by immunofluorescence and flow microfluorometry, or by dual color immunofluorescence and microscopy. Thus, an unambiguous definition of multiple thymocyte subpopulations is permitted by the use of these mAbs. However, the expression of most of the antigens defined on the various thymocyte subpopulations display variations in density rather than an absolute presence of absence. However, it must be remembered that, particularly for CD3 and CD5, a low antigen density can be detected by flow microfluorometry in spite of the lack of killing in complement-dependent cytotoxicity and in spite of the lack of staining detected by fluorescent microscopy on the populations qualified as negative for simplification. Among the various subpopulations we could find that fit with the three-compartment scheme (8, (26) , although the reasons for this are not known, and suppressor T-cells of IL-2 production have been described (19) . In the case of thymocyte specimens, a phenomenon linked to the stress of anesthesia and surgical maneuvers might play an important role, as this has been documented in animals (2) . However, it must be pointed out that we found no differences between low and high responders in the proportion of the various T-cell populations we could phenotypically define, nor did we notice differences in the thickness of the cortex and medulla whenever tissue sections could be prepared. By sorting out CD1-from CD5-cells from low-responder and high-responder thymic samples, we could show that the defect of IL-2 availability in low-responder thymi is limited to medullary type populations, because addition of IL-2 to high responders does not increase the level of PHA response of both subpopulations, whereas addition of IL-2 to low responders increases the level of PHA response only on the CD1-(medullary type) populations. It must be emphasized that, under optimal conditions, the level of response of CD5-cells from low responders was always comparable to the response of CD5-cells from high-responder thymi.
Indeed, one of the puzzling observations we have made is that CD5-(cortical-type) thymocytes are self-sufficient to respond to PHA alone. Measurement of the frequency of proliferating cells in limiting dilution assays clearly indicated that it was far greater than the proportion of residual CD5+ cells. Those results are in agreement with data from mice (6) showing that early proliferation of PNA' cortical cells to shows that the phenomenon we observed is not due only to contamination by other cell types. In humans, Con A is known to be a poor inducer of IL-2 secretion from peripheral blood T cells, but it does induce suppressor cells, some of which have a high number of IL-2 receptors (27, 28) . We are, therefore, attempting to characterize the thymic subpopulation with similar functional effect. It is remarkable that this would be a major functional subpopulation of the thymic medulla, while it is only a minor population of human blood (Con A is a very potent mitogen for human blood T cells).
Overall, the present results using mitogenic stimulation show that the human thymus cannot be regarded as simply made up of populations of cortical immature cells and medullary functional cells, but rather that it includes a number of cell subpopulations that are involved in complex functional interactions.
